Recent studies on enzymes and reader proteins for histone crotonylation support a function of histone crotonylation in transcription. However, the enzyme(s) responsible for histone decrotonylation (HDCR) remains poorly defined. Moreover, it remains to be determined if histone crotonylation is physiologically significant and functionally distinct from or redundant to histone acetylation. Here we present evidence that class I histone deacetylases (HDACs) rather than sirtuin family deacetylases (SIRTs) are the major histone decrotonylases, and that histone crotonylation is as dynamic as histone acetylation in mammalian cells. Notably, we have generated novel HDAC1 and HDAC3 mutants with impaired HDAC but intact HDCR activity. Using these mutants we demonstrate that selective HDCR in mammalian cells correlates with a broad transcriptional repression and diminished promoter association of crotonylation but not acetylation reader proteins. Furthermore, we show that histone crotonylation is enriched in and required for self-renewal of mouse embryonic stem cells.
Introduction
Histone acetylation in lysine residues is well-known for its critical roles in regulation of chromatin structure and function [1, 2] . Recent studies indicate that, besides acetylation, histone lysine (K) residues are also subjected to multiple types of short-chain acylation including malonylation, propionylation, butyrylation, crotonylation and succinylation [3] [4] [5] [6] [7] [8] . The identification of these new post-translational modifications (PTMs) has drastically expanded the repertoire of histone modifications and raises significant interest in exploring their distinct and/ or redundant functions in transcription as well as the enzymes for adding (writers) and removal (erasers), and proteins for reading (readers) these PTMs [3, 9] .
Among the reported non-acetyl histone acylations, histone crotonylation is particularly interesting for the following reasons. First, it occurs broadly in all core histones and marks either active promoters or potential enhancers [4] . Second, histone crotonylation by p300 has been shown to promote transcription in vitro and manipulating cellular concentration of crotonyl-CoA affects gene expression [10] . Third, we show that a CBP/p300 mutant with defective histone acetyltransferase activity and competent crotonyltransferase activity is able to sub-stitute endogenous CBP/p300 to promote TGFβ-induced transcriptional activation [54] . Fourth, two groups of histone acetylation readers previously identified have recently been shown to selectively recognize histone crotonylation over histone acetylation and other acylation [11] [12] [13] [14] [15] [16] . These studies collectively support a potential non-redundant role for histone crotonylation vs histone acetylation. However, histone crotonylation is likely much less abundant compared to histone acetylation due to an approximately three orders of magnitude lower cellular concentration of crotonyl-CoA than acetyl-CoA [10] . Thus, the physiological relevance and functional significance of histone crotonylation remain to be demonstrated.
The identification of these new acylations in histones also raises the fundamental question on what enzymes or whether the previously identified histone deacetylases (HDACs and SIRTs) are responsible for the removal of these acylations. In this regard, previous studies have identified weak depropionylase and debutyrylase activities for several SIRTs [17, 18] . In addition, SIRT5 has been shown to possess robust desuccinylase, demalonylase and deglutarylase activities but poor deacetylase activity [19] [20] [21] [22] , leading to the suggestion that SIRTs have an expanded repertoire of deacylase activities. In agreement with this, SIRT1, SIRT2 and SIRT3 have been shown to exhibit widespread deacylase activity in vitro, although the deacylase activity is weaker in comparison to their deacetylase activity [23] . In addition, SIRT3 was shown to decrotonylate histones in living cells [24] . In contrast, by using recombinant proteins, both class I and II HDACs were shown to exhibit poor decrotonylase activities [4] , although a weak decrotonylase activity was detected for HDAC3 in another study [25] . Thus, current studies on histone decrotonylases are primarily based on in vitro assays. Whether these HDCR activities are physiologically relevant and represent the major HDCR activities in mammalian cells remains to be determined. In addition, it is unknown if histone crotonylation is as dynamic as histone acetylation.
Here we demonstrate that class I HDACs are the major histone decrotonylases in mammalian cells and that histone crotonylation is as dynamic as histone acetylation. Notably, we have generated HDAC1 and HDAC3 mutants that maintain the HDCR activity but lose the HDAC activity. Using these mutants we demonstrate that histone crotonylation is not functionally redundant to histone acetylation but is critically important for general transcriptional regulation in mammalian cells. Furthermore, we demonstrate that mouse embryonic stem cells (ESCs) have a higher level of histone crotonylation than differentiated cells, and selective histone decrotonylation in ESCs results in cell differentiation.
Results

Class I HDACs possess HDCR activity
To identify cellular HDCR activity, we focused on the HDAC family and SIRT family HDACs since some of these proteins have been shown to possess deacylase activities. We ectopically expressed individual candidate protein in HeLa cells and performed immunofluorescent (IF) staining using a pan-crotonylated lysine (Kcr)-specific antibody that was well characterized in Supplementary information, Figure S1 . There are three major advantages for this cell-based HDCR screening. First, ectopic overexpression could allow detection of even a weak enzymatic activity by IF staining. Second, ectopic overexpression could allow the detection of candidate enzyme(s) whose activity is highly dependent on the complex formation. Third, IF staining allows side-byside analysis of enzymatic activity based on a large number of transfected cells vs untransfected control cells. As a positive control, we also performed IF staining using an anti-pan acetylated lysine (Kac) antibody. Using this approach, we detected a robust HDCR activity for all class I HDAC members HDAC1, HDAC2, HDAC3 and HDAC8 ( Figure 1A ). As expected, these HDACs also exhibited a robust HDAC activity ( Figure 1A) . However, as shown in Figure 1B and Supplementary information, Figure S2A , under the same experimental conditions we failed to detect any significant HDCR activity for all class II HDACs. The lack of HDCR activity observed for class II HDACs was unlikely due to problems in protein expression, as HDAC activity was observed for each of the proteins except for HDAC10 ( Figure 1B and Supplementary information, Figure S2A ). In addition, no HDCR activity was detected for HDAC11, the sole member of class IV HDAC ( Figure 1C) . Thus, our cellbased activity assay revealed a robust HDCR activity for all class I but none of class II and class IV HDACs.
Among the SIRT family deacetylases, we found that SIRT1 displayed both HDAC and HDCR activities in cells ( Figure 1D ), in agreement with its reported HDCR activity in vitro [23] . However, we failed to detect HDCR activity for SIRT2, SIRT3, SIRT4, SIRT5 and SIRT7 ( Figure 1D and Supplementary information, Figure S2B) . The lack of HDCR activity for both SIRT2 and SIRT3 in our cell-based assay was further substantiated by IF staining using seven different histone lysine-specific crotonylation antibodies (Supplementary information, Figure S3A ). Furthermore, while we detected by WB analysis a substantially reduced level of histone acetylation upon ectopic expression of SIRT2 or SIRT3 in 293T cells, we did not observe any significant change in histone crotonylation by WB analysis using a pan-Kcr antibody and several site-specific histone Kcr antibodies (Supplementary information, Figure S3B ).
To validate our surprising finding that class I HDACs possess robust HDCR activity, we ectopically expressed each class I HDAC in 293T cells by high efficiency transfection. Subsequent WB analysis of core histones revealed that expression of each class I HDAC resulted in substantially reduced histone acetylation as well as histone crotonylation ( Figure 1E ). The same WB analysis also confirmed an HDCR activity for SIRT1. Notably, WB analysis using the pan-Kcr antibody revealed that SIRT1 and class I HDACs were able to decrotonylate H3, H2A/H2B and H4 ( Figure 1E ).
In sum, our cell-based assays revealed a robust HDCR activity for class I HDACs and SIRT1. On the other hand, our cell-based assays revealed poor, if any, HDCR activity for class II and class IV HDACs, and other members of SIRT proteins including SIRT2 and SIRT3.
Class I HDACs are major cellular histone decrotonylases
Having demonstrated the HDCR activity of class I HDACs and SIRT1, we next assessed if they represent the major HDCR activity in cells. To this end, we performed RNA interference experiments to knock down SIRT1, HDAC1, HDAC2 and HDAC3, respectively, in HeLa cells and prepared core histones by acid extraction. Subsequent WB analyses revealed that knockdown of HDAC1, HDAC2 or HDAC3 led to increased levels of histone crotonylation as well as acetylation (Figure 2A) . Furthermore, simultaneous knockdown of HDAC1/2/3 led to a more robust increase of both histone crotonylation and acetylation (Figure 2A ). On the other hand, knockdown of either SIRT1 or SIRT3 alone or SIRT1/3/5 in combination did not obviously affect the global levels of histone crotonylation as well as acetylation (Supplementary information, Figure S4A ). The efficient knockdown of HDACs or SIRTs by their corresponding siRNA was verified by WB (Figure 2A ) or quantitative reverse transcription PCR (qRT-PCR) analysis (Supplementary information, Figure S4B ). As knockdown of class I HDACs, especially in combination, led to a substantial increase of histone crotonylation, these results provide evidence that class I HDACs represent the major HDCR activity in cells.
To further assess if class I HDACs but not SIRT proteins are responsible for bulk histone decrotonylation in mammalian cells, we treated HeLa cells with either the HDAC-specific inhibitor Trichostatin A (TSA) or the SIRT-specific inhibitor nicotinamide (NAM) overnight and examined the effect on histone acetylation and crotonylation by IF staining analysis. The representative results in Figure 2B showed that, while NAM treatment led to a modest increase of crotonylation and acetylation, TSA treatment led to a more robust increase of crotonylation and acetylation ( Figure 2B ). To assess in more detail the differential effect of NAM and TSA on histone crotonylation, we treated HeLa cells with NAM and TSA for various times. Subsequent WB analysis in Figure  2C showed that TSA treatment led to a gradual increase of histone crotonylation over a 24-h period of time and a substantial increase of histone crotonylation could be observed as early as 3 h post treatment. Comparison of histone acetylation and crotonylation revealed a similar kinetics in response to TSA. The same results were observed when the experiments were performed with NI-H3T3 ( Figure 2D ), 293T, A549 and HCT116 cells (Supplementary information, Figure S5 ). Together, these data suggest that class I HDACs represent the major HDCR activity in cells. Furthermore, these data indicate that histone crotonylation is as dynamic as acetylation.
Site specificity of histone decrotonylation by various histone decrotonylases
Having established that SIRT1 and class I HDACs possess the HDCR activity, we next examined their site specificity in histone decrotonylation. We analyzed this first by IF staining using a panel of site-specific histone Kcr antibodies characterized in a previous study [4] . As shown in Figure 3A , we found HDAC1 is active for each of the sites tested, namely H3K4cr, H3K9cr, H3K23cr, H4K8cr and H4K12cr. However, this is not the case for SIRT1, since ectopic expression of SIRT1 only led to a marked reduction of H3K9cr and H4K8cr, and a moderate reduction of H3K4cr and H3K18cr ( Figure 3B and 3C). The difference in site specificity also exists among members of class I HDACs and is best illustrated by the results of WB analysis in Figure 3D -3G. For example, HDAC2, HDAC3 and HDAC8 were essentially inactive for decrotonylation of H3K23cr, and HDAC2 and HDAC3 were also poorly active for H3K4cr and H4K-12cr ( Figure 3D-3G) . Together, these data demonstrate that SIRT1 and class I HDACs are histone decrotonylases with distinct site specificity.
The same catalytic center for both HDAC and HDCR activities
Our data clearly demonstrate that SIRT1 and class I HDACs possess both HDAC and HDCR activities. We next tested if the same enzymatic center is responsible for both activities. As shown in Supplementary information, Figure S6A for SIRT1 by IF staining, the HDCR activity for SIRT1 could be inhibited by NAM but not TSA. Similarly, the HDCR activity for HDAC1 could be effectively inhibited by TSA but not NAM (Supplementary information, Figure S6B ), suggesting that the same catalytic center is responsible for both HDCR and HDAC activities. In support of this idea, Supplementary information, Figure S6C shows that a previously reported SIRT1 mutant that is inactive in HDAC activity is also inactive in histone decrotonylation [26] . Similarly two HDAC1 mutants defective in HDAC activity were also found to be impaired for HDCR activity (Supplementary information, Figure S6C ). Thus, the HDCR activity is intrinsic to SIRT1 and class I HDACs, and the same catalytic center is involved in both histone deacetylation and decrotonylation.
Generation of novel HDAC1/3 mutants with HDCR but impaired HDAC activity
Although the previous in vitro study and our unpublished data with HAT-deficient and HCR-competent CBP/p300 mutants [54] demonstrate that histone crotonylation can promote transcriptional activation [10] , a central question is whether histone crotonylation has a general or specific role in transcriptional activation under the physiological condition. To address this crucial question on histone crotonylation, we aimed to screen for an HDAC mutant with competent HDCR but impaired HDAC activity. Given HDAC1 being the most active HDCR in our assays, we initially focused our screening on various HDAC1 catalytic center mutants. Despite our great effort, we obtained only the mutants that either lost both activities (Supplementary information, Figure S7 ) or had moderate to no effect on both activities (data not shown). We then took a different approach. Given that class II HDACs are deficient in HDCR activity, we compared the sequences between class I and class II HDACs, and identified the major differences between them ( Figure  4A ). We then swapped the amino acids AGG in HDAC1 with VRPP in class II HDACs, expecting to generate an HDAC1 mutant possessing HDAC but losing HDCR activity, as such sequence exchange would predict to make the pocket for substrate narrower in HDAC1 ( Figure 4B ). To our surprise, we found this mutant HDAC1 (HDAC1-VRPP) was inactive for HDAC but active for HDCR activity ( Figure 4C ). As shown in Supplementary infor- [51] , HDAC7 (PDB 3C0Z, magenta) [52] ; note that the acetyl lysine of histone tail was from HDAC8 complex (PDB 2V5W, blue) [53] . mation, Figure S8 , this mutant exhibited the same site specificity for histone decrotonylation as the wild-type HDAC1. Furthermore, an equivalent HDAC3 mutant (HDAC3-VRPP) was also inactive for HDAC but active for HDCR activity ( Figure 4D ). The loss of HDAC activity for these HDAC1 and HDAC3 mutants was clearly substantiated by WB analysis of core histone proteins derived from HeLa cells overexpressing WT or mutant HDAC1 ( Figure 4E ) and WT or mutant HDAC3 proteins ( Figure 4F ).
To further characterize the novel property of HDAC1-VRPP mutant, we carried out in vitro histone decrotonylation and deacetylation assays using immunoaffinity-purified WT and mutant HDAC1. We first established that the purified WT HDAC1 exhibited robust activity to decrotonylate and deacetylate core histone substrates in a Zn 2+ -dependent and TSA-sensitive manner ( Figure 4G ). These HDCR and HDAC activities were further validated in a time course experiment, showing progressive decrotonylation and deacetylation with prolonged reactions ( Figure 4H ). Under the same conditions, we found that the HDAC1-VRPP mutant was active for histone decrotonylation but completely inactive for histone deacetylation ( Figure 4I and 4J) . Thus, both in vivo and in vitro assays demonstrated that the novel HDAC1-VRPP mutant has impaired HDAC but maintains an active HDCR activity. Although how swapping of the AGG sequence with VRPP leads to generation of these novel mutants awaits structural study, the availability of these mutants provides us with the opportunity to directly assess the effect of histone decrotonylation in transcriptional regulation.
The HDCR activity is sufficient to repress transcription in reporter assay
We first tested if the HDAC1-VRPP mutant is able to repress transcription in reporter assays. We constructed Gal4-DBD fusion proteins of wild-type HDAC1, H141A and VRPP mutants, and assayed their ability to repress transcription from a 5× UAS-TK luciferase reporter. As shown in Supplementary information, Figure S9A , we found the H141A mutant with defect in both HDAC and HDCR activities was unable to repress transcription, whereas both wild-type HDAC1 and the HDAC1-VRPP mutant were able to repress transcription. We also compared the ability for wild-type, H141A and VRPP mutants to repress transcriptional activation induced by various transcription factors in reporter assays. While co-transfection of wild-type HDAC1 repressed transcriptional activation by Sox2, co-transfection of the HDAC1-VRPP mutant also led to transcriptional repression. This repression activity is dependent on the HDCR activity of HDAC1, as H141A mutant defective in both HDCR and HDAC activities failed to do so (Supplementary information, Figure S9B ). Similarly, we found the HDAC1-VRPP mutant was able to repress transcriptional activation by Oct4 (Supplementary information, Figure S9C ) and SMAD3 (Supplementary information, Figure S9D ). Since the HDAC-VRPP mutant is defective in deacetylation but active in decrotonylation, these results provide first evidence that decrotonylation without deacetylation is sufficient to repress transcription.
Histone decrotonylation results in global transcriptional repression
To better assess the role of histone crotonylation in transcriptional regulation, we generated stable HeLa cell lines in which the expression of wild-type HDAC1 or the HDAC1-VRPP mutant (without tag) is tetracycline inducible. As shown in Figure 5A , treatment with doxycycline (Dox), an analog of tetracycline, induced the expression of both wild-type and the HDAC1-VRPP mutant by 2-3-folds over the level of endogenous HDAC1 within 48 h. Importantly, while induced expression of wild-type HDAC1 resulted in a global reduction of both histone acetylation and crotonylation at 36 h, induced expression of the HDAC1-VRPP mutant only led to reduced levels of histone crotonylation but not acetylation ( Figure 5A ), further confirming that the HDAC1-VRPP mutant is active in histone decrotonylation but inactive in histone deacetylation. A 36-h Dox treatment was thus chosen for analyzing the effect of decrotonylation on global transcription because it was more effective in inducing histone decrotonylation. We first prepared total RNAs from an equal number of control, wild-type and HDAC1-VRPP-inducible cells treated with or without Dox for 36 h. As shown in Figure 5B , induced expression of both wild-type and HDAC1-VRPP resulted in reduced levels of total RNA, suggesting that, like induced wild-type HDAC1, the induced HDAC1-VRPP mutant was capable of repressing global transcription. To test this further, we analyzed the effect on transcription of six housekeeping genes by qRT-PCR. As shown in Figure 5C , induced expression of wild-type HDAC1 or the HDAC1-VRPP mutant resulted in reduced expression of all six housekeeping genes, suggesting that the HDAC1-VRPP mutant is as active as wild-type HDAC1 for transcriptional repression.
As reported in several recent studies [27, 28] , addition of a spike-in internal control allows comparison of global-and gene-specific levels of transcription among different samples by RNA-seq analysis. In order to analyze more precisely the effect of selective histone decrotonylation on transcription, we thus added spike-in yeast total RNAs as an internal control to total RNA samples prepared from the equal number of the Dox-induced control, wild-type and mutant HDAC1 cells before samples were processed for RNA-seq analysis. As shown in Figure 5D , the RNA-seq reads after normalization to the internal spike-in control revealed that the levels of total mRNAs were decreased by an average of ~16% upon induction of wild-type HDAC1 and by 22% upon induction of the mutant HDAC1. Furthermore, in comparison to the transcript profile in the control cells, induction of mutant HDAC1 had a similar impact on gene expression as induction of wild-type HDAC1, resulting in reduced expression for > 15 000 genes and elevated expression for < 2 000 genes, respectively ( Figure 5E ). By using 1.5-fold change as a cutoff, induction of wild-type HDAC1 led to downregulation of 7 109 genes and upregulation of 1 105 genes, whereas induction of mutant HDAC1 led to downregulation of 5 170 genes and upregulation of 1 417 genes ( Figure 5F ). We did not analyze further the upregulated genes because they are more likely the indirect effect of induced wild-type and mutant HDAC1. The downregulated genes were further categorized into three groups: commonly downregulated genes, downregulated by WT HDAC1 only and downregulated by mutant HDAC1 only ( Figure 5F ). These three groups of genes were validated by qRT-PCR analysis. As shown in Figure  5G , seven of the eight commonly downregulated genes were confirmed to be downregulated upon induction of either wild-type or mutant HDAC1. In addition, we selected five genes downregulated only in the wild-type HDAC1-induced cells and seven genes downregulated only in the HDAC1-VRPP-induced cells for verification by qRT-PCR, and the results in Figure 5H and 5I in general confirmed their differential expression status. Together these results indicate that selective histone decrotonylation could repress global transcription to a similar extent as both histone deacetylation and decrotonylation. In addition, these results indicate that a subset of genes could be differentially regulated by histone crotonylation or histone acetylation.
Promoter histone decrotonylation correlates with transcription repression
Having observed that induced expression of WT or HDAC1-VRPP mutant repressed both common and unique genes, we next analyzed by chromatin immunoprecipitation (ChIP) assay if repression by HDAC-VRPP correlates directly with histone decrotonylation at the promoter region. Using a previously reported anti-H3K-18cr antibody [4, 10] , we found that induced expression of either WT or mutant HDAC1 led to reduced levels of H3K18cr on the promoter regions of four commonly downregulated genes tested ( Figure 6A ). However, for three genes whose transcription was downregulated only in WT HDAC1-expressing cells, reduction of H3K18cr was clearly less in the mutant HDAC1-expressing cells ( Figure 6B ). On the contrary, for four genes which were downregulated only in the mutant HDAC1-expressing cells, reduction of H3K18cr was more dramatic in the mutant HDAC1-expressing cells ( Figure 6C ). In addition, ChIP results demonstrated that induced expression of wild-type HDAC1 led to consistently reduced levels of H4ac for genes commonly downregulated ( Figure  6A , lower panel) and genes uniquely downregulated by WT ( Figure 6B , lower panel) but not for genes uniquely downregulated by mutant ( Figure 6C, lower panel) . Consistent with a lack of HDAC activity for mutant HDAC1, induced expression of the HDAC1-VRPP mutant had no effect on H4ac ( Figure 6A -6C, lower panel). Collectively these data indicate that histone decrotonylation in the target gene promoters correlates with transcriptional repression by the HDAC1-VRPP mutant.
Histone decrotonylation selectively impairs promoter recruitment of crotonylation reader proteins
The selective histone decrotonylation by the HDAC1-VRPP mutant provides us an opportunity to test if the newly identified histone crotonylation reader proteins associate with gene promoters in a crotonylation-dependent manner. To this end, we derived from the inducible HDAC1-VRPP HeLa cell line a pool of cells stably expressing Flag-tagged AF9, a YEATS domain crotonylation reader protein [11] . The cells were treated without or with Dox to induce HDAC1-VRPP expression and the association of Flag-AF9 with gene promoters was analyzed by ChIP assay. We found that Dox treatment substantially reduced the levels of Flag-AF9 associated with the promoters of genes commonly or uniquely downregulated by HDAC-VRPP but not the genes downregulated only by WT HDAC1 ( Figure 6D ). To test whether selective histone decrotonylation also affects the promoter association of double PHD type crotonylation readers [12] , we ectopically expressed Flag-DPF2 in the inducible HDAC1-VRPP cells and carried out ChIP assay as described above. As a control, we also ectopically expressed BRD4 [29, 30] , a histone acetylation reader, in the inducible HDAC1-VRPP cells and carried out ChIP assay. As shown in Figure 6E , we found that, much like Flag-AF9, induction of HDAC-VRPP expression substantially reduced the levels of Flag-DPF2 on the promoters of genes commonly or uniquely downregulated by HDAC-VRPP but not genes downregulated only by WT HDAC1 (Figure 6E ). On the other hand, ChIP results revealed that induction of HDAC1-VRPP did not consistently affect the association of BRD4 with gene promoters ( Figure 6F ). Thus, selective histone decrotonylation results in reduced promoter association of crotonylation readers AF9 and DPF2 but not the acetylation reader BRD4.
Histone crotonylation is enriched in and required for self-renewal of ESCs
By WB analysis of core histones prepared from mouse ESCs and differentiated embryoid bodies (EB), we detected a much higher level of histone crotonylation in CGR8 ESCs ( Figure 7A ). Consistent with previous reports [31, 32] , we also detected a much higher level of histone acetylation in ESCs ( Figure 7A ). This observation raised a question as to the role of enriched histone crotonylation in ESCs. To this end, we generated stable ESC lines expressing Dox-inducible HA-tagged HDAC1 or HDAC1-VRPP ( Figure 7B ). WB analysis using anti-HDAC1 antibody that detected both endogenous and HA-tagged HDAC1 revealed that Dox treatment for 36 h increased the levels of HDAC1 by 2-3-folds ( Figure  7B ). Notably, we observed that treatment with Dox resulted in marked differentiation of both HDAC1-and HDAC1-VRPP-expressing ESCs but not the control ESCs ( Figure 7C ). This Dox-induced differentiation was further confirmed by WB analysis of ESCs treated with Dox for various time periods. As shown in Figure  7D , induced expression of both HDAC1 and HDAC1-VRPP resulted in a drastic reduction of Sox2, Oct4 and Nanog, the core transcription factors required for ESC pluripotency [33] [34] [35] , thus supporting a differentiation phenotype observed in Figure 7C . WB analysis of core histones revealed that Dox-induced expression of both HDAC1 and HDAC-VRPP resulted in marked reduction of histone crotonylation ( Figure 7D ). As expected, Dox-induced WT HDAC1 expression also led to a marked reduction of histone acetylation. Interestingly, Dox-induced HDAC1-VRPP expression also resulted in reduced levels of histone acetylation, although less dramatic in comparison to induced WT HDAC1. Because HDAC1-VRPP lacks HDAC activity, we suggest that the observed reduction in histone acetylation is likely a consequence of ESC differentiation upon histone decrotonylation, since a reduced level of histone acetylation was reported for differentiated ESCs [31, 32] .
To further substantiate the differentiation phenotype induced by histone decrotonylation, we examined the expression of marker genes for endoderm, mesoderm and ectoderm [33, 35] . As shown in Figure 7E , qRT-PCR analysis revealed that Dox treatment induced progressively the expression of endoderm markers FOXA2 and AFP, mesoderm markers MIX1 and FOXH1, and ectoderm markers PAX6 and OTX1. Thus, enriched histone crotonylation in ESCs is required for self-renewal of ESCs, as selective histone decrotonylation leads to ESC differentiation.
Discussion
Recent findings on various types of histone acylation have significantly expanded the repertoire of epigenetic modifications [9] . The identification of crotonylation-selective reader proteins further inspires the interest on this non-acetyl histone acylation [11] [12] [13] 36] . In this study we demonstrate that class I HDACs are the major enzymes for histone decrotonylation in cells. Furthermore, we have provided compelling evidence that histone crotonylation is as dynamic as histone acetylation and is not functionally redundant to acetylation but critically important for global transcription in mammalian cells.
Through screening ectopically expressed HDAC and SIRT family proteins for HDCR activity in HeLa cells by IF staining using a pan-Kcr-specific antibody, we identified class I HDACs and SIRT1 as active HDCR enzymes (Figure 1) . The HDCR activity for ectopically expressed class I HDACs and SIRT1 was substantiated by WB analysis using pan-Kcr-specific antibody ( Figure  1E) , and by IF staining and WB analysis using histone Kcr site-specific antibodies (Figure 3) . Notably, under the same experimental conditions, we failed to detect any significant HDCR activity for class II HDACs and class IV HDAC11 ( Figure 1B-1C and Supplementary information, Figure S2A ), indicating that HDCR activity is specific to class I but not class II and IV HDACs. In support of this, the HDCR activity for class I HDACs was demonstrated by loss-of-function RNA interference assay (Figure 2A ) and by in vitro histone decrotonylation assay (Figure 4) . Furthermore, as loss-of-function assay revealed that knockdown of class I HDACs, individually or in combination, resulted in clearly increased levels of histone crotonylation, class I HDACs are likely the major HDCR activity in mammalian cells (Figure 2A ). This notion is further supported by the fact that treatment with TSA but not NAM markedly elevated the levels of histone crotonylation in various cells tested ( Figure 2B-2D and Supplementary information, Figure S5 ). Thus, our study provides compelling evidence that class I HDACs are active histone decrotonylases and are most likely responsible for bulk histone decrotonylation in mammalian cells. The failure for previous studies to detect significant HDCR activity for the class I HDACs could be explained by in vitro-based assay used in their study [4] . Class I HDACs are well known for their function in the context of large multi-protein complexes [37] [38] [39] [40] [41] [42] [43] and purified re- combinant HDAC proteins usually display poor activity.
The detection of HDCR activity for SIRT1 in our study is in agreement with previous in vitro-based studies on HDCR activity of SIRT1 [23] . Although SIRT2 and SIRT3 were shown to decrotonylate histone peptides in vitro [23] and SIRT3 was reported to decrotonylate H3K-4cr in living cells [24] , we failed to detect any significant HDCR activity for both SIRT2 and SIRT3. This discrepancy could be explained by potential difference in assay sensitivity. In vitro-based HDCR assays are likely more sensitive and thus more likely to detect weak HDCR activity. Nevertheless, both our ectopic overexpression (gain-of-function) and RNA interference (loss-of-function) assays failed to detect significant HDCR activity for SIRT2 and SIRT3 (Supplementary information, Figures  S2B and S3 ), suggesting they have only weak, if any, HDCR activity.
Although SIRT1 and class I HDACs are active histone decrotonylases, our data indicate that they likely exhibit distinct site specificity in histone decrotonylation (Figure 3) . For example, while HDAC1 is active in decrotonylation of H3K4, H3K9, H3K18, H3K23, H4K8 and H4K12, SIRT1 is inactive for decrotonylation of H3K23 as well as H4K12. In addition, HDAC2, HDAC3 and HDAC8 appear to be also inactive for decrotonylation of H3K23. Since these experiments were performed under the same conditions, the observed differences in site specificity are likely true. Nevertheless, this observation needs to be validated in the future by assays independent of site-specific histone crotonylation antibodies used in our study.
Our study also suggests that histone crotonylation is as dynamic as histone crotonylation. TSA treatment led to increases of histone crotonylation and acetylation in a similar fashion ( Figure 2C-2D and Supplementary information, Figure S5 ), whereas treatment of cells with the CBP/p300-selective inhibitor C646 led to decrease of histone crotonylation and acetylation in a similar kinetics [54] . Together these data support the notion that the class I HDACs are the major histone decrotonylases and that CBP and p300 are the major HCTs.
The most important finding in our study is the demonstration that histone crotonylation is critically important for global transcription in mammalian cells. This conclusion is based on our functional analysis of the HDAC1-VRPP mutant that is active in HDCR but inactive in HDAC activity (Figure 4) . Although previous studies [10] and ours with CBP/p300 mutants with defective HAT but competent HCR activity [54] provide compelling evidence that CBP/p300 can promote transcription through their HCT activity, it is not known from these studies if histone crotonylation acts independently of histone acetylation or is functionally redundant to histone acetylation. Our fortuitous finding that the HDAC1-VRPP mutant is inactive in HDAC but active in HDCR allowed us to test the effect of selective histone decrotonylation on transcription. Although why this mutant loses the HDAC but maintains the HDCR activity awaits structural study, a potential explanation is that HDAC1-VRPP mutation allows a more planar and rigid crotonyl group but not the more flexible acetyl group to reach the narrower enzymatic active site, as suggested by a recent structural study on p300 complexes with acyl-CoA variants [44] . Importantly, our results indicate that the HDAC1-VRPP mutant is capable of repressing transcription activated by various transcription factors (Supplementary information, Figure S9 ). Furthermore, by establishing inducible stable cell lines expressing either wild-type or the HDAC1-VRPP mutant, we are able to demonstrate a global effect of selective histone decrotonylation on transcription ( Figure 5 ). Our results indicate that the HDAC1-VRPP mutant is capable of repressing global transcription essentially as effective as the wild-type HDAC1 ( Figure  5 ). Moreover, since more than half of the total genes detected by RNA-seq in our experiments are repressed by induced expression of the wild-type and HDAC1-VRPP mutant, it implies that decrotonylation without deacetylation is able to repress transcription as broadly as both decrotonylation and deacetylation. Therefore, our results provide first evidence that histone crotonylation is not redundant to histone acetylation but is broadly essential for transcription. In support of this conclusion, our ChIP analysis revealed a nice correlation between promoter histone decrotonylation and transcriptional repression by HDAC1-VRPP ( Figure 6A-6C ). Of note, one caveat for our study is that we do not know if the HDAC1-VRPP mutant is able to remove the other type(s) of histone acylation. Thus, in principle we could not exclude the possibility that the HDAC1-VRPP mutant might repress transcription through deacylation other than decrotonylation. However, our ChIP analysis of crotonylation reader proteins demonstrated that promoter histone decrotonylation correlates with diminished association of selective crotonylation reader proteins AF9 and DPF2 but not acetylation reader protein BRD4 (Figure 6D-6F) . Thus, our study supports a working model that, although histone crotonylation and acetylation are catalyzed by the same enzymes (CBP/p300 and MOF) and removed by the same enzymes (SIRT1 and class I HDACs), histone crotonylation plays a non-redundant role to histone acetylation, most likely through crotonylation-selective readers such as AF9 and DPF2 ( Figure 7F ). Future work should be devoted to elucidate whether and how histone crotonylation readers mediate the essential function of histone crotonylation in transcription.
Our RNA-seq analysis also reveals the existence of genes differentially influenced by wild-type HDAC1 and the HDAC1-VRPP1 mutant ( Figure 5F-5I) . These results imply that while the majority of genes are regulated by both acetylation and crotonylation, some genes could be preferentially regulated by acetylation or by crotonylation. However, our ChIP analysis revealed that promoter histone crotonylation was clearly less reduced by HDAC1-VRPP for genes downregulated by WT HDAC1 only. Thus, an alternative explanation is that this group of genes could be regulated by histone crotonylation as the other two groups. They were not downregulated by HDAC1-VRPP simply because their promoter histone crotonylation was not significantly affected by HDAC1-VRPP. Thus, while our study has provided compelling evidence for a broad function of histone crotonylation in transcription, it remains to be determined if there are genes whose transcription is independent of histone crotonylation.
We also show that ESCs are enriched in histone crotonylation and that enriched histone crotonylation is required for maintenance of ESC self-renewal ( Figure  7) . Previously studies have shown that ESCs maintain elevated levels of histone acetylation by producing more acetyl-CoA through glycolysis [32] . Inhibition of glycolysis results in differentiation of ESCs. In addition, multiple HATs including p300 and MOF are required for open chromatin structure that correlates directly with pluripotency [34, [45] [46] [47] . Our finding that ESCs display an elevated level of histone crotonylation suggests the existence of metabolic pathway in ESCs that fuels crotonyl-CoA. Given our observation that selective histone decrotonylation caused differentiation of ESCs, we suggest that histone crotonylation also contributes to the formation and maintenance of ESC open chromatin. In this regard, the bulkier crotonyl residue is likely to have a bigger effect on chromatin structure than the acetyl residue. Differentiation induced by selective histone decrotonylation is also consistent with our observation that histone crotonylation has a critical and broad role in transcription.
In sum, our finding that histone crotonylation is not redundant to acetylation but is broadly essential for transcription demonstrates for the first time a type of lysine acylation other than acetylation could be essential for global transcriptional regulation in mammalian cells. Our finding that histone crotonylation is generally required for transcription also supports potential roles of histone crotonylation in other chromatin-associated events. The HDAC activity-deficient HDAC1/3-VRPP mutants identified in this study would be valuable tools for elucidating the molecular mechanisms and physiological functions of histone crotonylation.
Materials and Methods
Cell lines, antibodies, reagents and plasmids
HeLa, 293T and NIH3T3 cells were cultured in DMEM (GIBCO) with 10% fetal bovine serum (FBS) (Intergen). A549 cells were cultured in 1640 (GIBCO) with 10% FBS. HCT116 cells were cultured in McCoy's 5A (GIBCO) with 10% FBS. ESCs (CGR8) were cultured on 0.1% gelatin-coated plates in GMEM ESC medium (GIBCO) containing 15% FBS (GIBCO), 2 mM l-glutamine (Hyclone), 100 mM nonessential amino acids (Hyclone), 0.1 mM 2-mercaptoethanol (GIBCO), 1 mM sodium pyruvate and leukemia inhibitory factor (LIF, 1 000 U/ml, Chemicon). The following antibodies were used in this study (Santa Cruz sc-5279 ) and Nanog (Abclonal A3232). TSA was from Selleck, NAM was from Beyotime, sodium butyrate was from Sigma. The plasmids of HA-HDAC1 and HA-HDAC3 were gifts from Dr Qunying Lei Laboratory. All mutants were generated by PCR-based point mutagenesis strategy and verified by DNA sequencing.
Transfections, IF staining and WB analysis
DNA and siRNA transient transfection were performed using lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Histones were purified from cells using a standard acid extraction protocol [48] . IF staining and WB for various proteins was carried out essentially as described [49] . In brief, for IF staining HeLa cells on coverslips were washed with 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 ) prior to fixation in 4% paraformaldehyde at room temperature for 30 min. The coverslips were incubated with 1% Triton X-100 on ice for 15 min, blocked with 5% BSA in 37 °C incubator for 60 min and incubated with mouse or rabbit anti-Flag/HA antibody for 2 h. The coverslips were washed three times with PBST, followed by incubation with Texas green-conjugated secondary antibody against mouse or rabbit. Images were acquired with an Olympus microscope system.
Immunoaffinity purification
For immunoaffinity purification WT and mutant HDAC1, 293T cells transfected with expression plasmids of interest were washed with ice-cold PBS and lysed with 0.25 ml ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 1% Triton X-100; 150 mM NaCl, 5 mM EDTA, protease inhibitor cocktail) by incubating on ice for 5 min. The lysates were scraped off and transferred to microcentrifuge tubes, and further lysed on ice for 30 min. The lysates were centrifuged for 10 min at 14 000× g at 4 °C, and the supernatant was transferred to a new tube. For each 150 µl of cell lysate, 8µl M2, MYC or HA antibody-conjugated beads were added and equilibrated with 200 µl binding buffer (50 mM Tris-HCl, pH 7.5, 0.1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 10% glycerol, protease inhibitor cocktail). The tubes were gently rocked overnight at 4°C. The beads were washed three times with 500 µl of washing buffer (50 mM Tris-HCl, pH 7.5, 0.1% Triton X-100, 150 mM NaCl, 5 mM EDTA and protease inhibitor cocktail) and used for in vitro enzymatic assays.
In vitro HDAC and HDCR assays
For in vitro deacetylation and decrotonylation assays, HA-tagged WT or mutant HDAC1 proteins were expressed and purified from 293T cells. HDAC and HDCR assays were carried out at 37 °C for 12 h in reaction buffer (50 mM Tris pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 and 1 mM DTT). Crotonylated and acetylated core histones were prepared from sodium crotonate (Sigma MP207938) and TSA + NAM-treated HeLa cells. The products were then subjected to WB analysis with anti-pan-Kac and anti-pan-Kcr antibody.
Quantitative RT-PCR, siRNAs and luciferase reporter assay
For qRT-PCR analysis, total RNAs were prepared by RNA preparation kit (TransGen). The primers for qRT-PCR are listed in Supplementary information, Table S1 . The siRNAs targeting human HDAC1, HDAC2, HDAC3, SIRT1, SIRT3 and SIRT5 used in this study were provided in Supplementary information, Table S3 ; all siRNAs were ordered from GenePharma. Luciferase reporter assay was performed using a dual luciferase reporter assay kit from Promega.
Chromatin immunoprecipitation assay
Cross-linking ChIP was performed with anti-H3K18cr, anti-H4ac, anti-Flag and anti-BRD4 essentially as described [50] .
RNA-seq analysis
RNA-seq analysis was performed by Berry Genomics (Beijing, China). All the RNA-Seq data sets were mapped onto yeast genome (sacCer3) for control spike-in RNAs and human genome (hg19) using tophat2 (version 2.1.0) respectively. Genome sequence files (hg19.2bit, sacCer3.2bit) and annotation files were downloaded from UCSC. The HTSeq (version 0.6.0) was used to quantify mapped counts of yeast and human genes separately. For normalizing human gene expression, we estimated size factors of every RNA-Seq data set with yeast gene counts using R package DESeq2, and then adjusted human gene counts using corresponding size factors.
EB formation differentiation assay
ESCs were harvested by trypsinization, and aliquots of 3 × 10 5 cells were resuspended in 6-cm special culture dishes in ESC medium without LIF to generate EBs. The medium was changed every day, and a portion of the cells was discarded to maintain the proper density. The generated EBs were seeded onto 10-cm dishes for differentiation. Histones were purified from the EBs at the indicated days of differentiation using a standard acid extraction and used for WB analysis.
